Predicting the dynamic impact behaviour of spray droplets on flat plant surfaces by Delele, Mulugeta Admasu et al.
1 
 
Predicting the dynamic impact behaviour of spray droplets on flat plant surfaces 1 
M.A. Delele1, D. Nuyttens2, A. T. Duga1, A. Ambaw3, F. Lebeau4, B.M. Nicolai1, P. Verboven1 2 
 3 
KU Leuven- University of Leuven, division BIOSYST-MeBioS, Willem de Croylaan 42, 3001 4 
Heverlee, Belgium 5 
2Institute for Agricultural and Fisheries Research (ILVO), Technology and Food Science Unit, 6 
Agricultural Engineering, Burgemeester Van Gansberghelaan 115, bus 1, 9820 Merelbeke, 7 
Belgium 8 
3Stellenbosch University, South African Research Chair in Postharvest Technology, 9 
Stellenbosch, South Africa  10 
4University of Liege, Gembloux Agro-BioTech, UMC, Passages des Déportés 2, 5030 Gembloux, 11 
Belgium 12 
 13 
Abstract 14 
The dynamic impact behaviour of water droplets on plant surfaces was investigated based on 15 
a multiphase computational fluid dynamics (CFD) model. The study was conducted using the 16 
Volume Of Fluid (VOF) approach. The static contact angle of water droplets on leaf surfaces of 17 
different plants (apple, pear, leek and cabbage) was measured and found to vary between 54.9 and 18 
138.2°. Impact experiments were conducted by monitoring the flow and impact characteristics of 19 
water droplets on leaves in still air with a high speed camera. Droplets were generated by an 20 
agricultural flat fan spray nozzle moving across the leaf at constant speed. The nozzle produced 21 
droplets with diameters ranging from  20.6 up to 550.8 µm, and droplet velocity values near impact 22 
between 0.03 and 13.2 m s-1. The CFD model was capable of predicting the observed dynamic 23 
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impact behaviour of droplets on the plant surfaces. The fate of the droplets after the impact process 24 
for adhesion, bouncing or splashing was accurately predicted for Weber numbers (We) in the range 25 
of 0.007 to 1096 and droplet Reynolds numbers (Re) between 5 to 8000.  The process was highly 26 
dependent on surface and droplet flow characteristics during impact. Combinations of We, Re and 27 
Ohnesorge (Oh) numbers defined the droplet maximum spread factor, the number of secondary 28 
droplets generated as a result of the splashing process and the transition between the different 29 
impact outcomes. These criteria can then be used in field scale spray deposition and drift models 30 
to better understand agricultural spray operations.  31 
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1. Introduction 34 
In agriculture and horticulture, there are several areas where liquid droplets interact with plant 35 
surfaces, such as spraying of crop protection chemicals, irrigation and rainfall1,2. During 36 
application of crop protection chemicals, it is important to optimize the amount and uniformity of 37 
the on-target deposition while avoiding exceeding residue levels and minimizing run-off and drift 38 
with consequent environmental risks3–5. During irrigation, the amount of liquid that is intercepted 39 
by the plant canopy affects the performance of irrigation systems. Canopy interception is 40 
considered as one of the causes of water loss, and a reduction in plant transpiration rate due to 41 
canopy interception was also reported6,7. Leaves also intercept rainfall8. Intercepted rain can cause 42 
erosion of waxes from leaf surfaces and favours the development and dispersion of pathogens9,10.   43 
Understanding the impact characteristics of the liquid droplets on the plant surfaces helps in 44 
optimizing the required outputs and minimizing unwanted phenomena. The droplet-surface 45 
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interaction is a complex, dynamic multiphase process that determines the final fate of the impacted 46 
droplets4. At impact, a droplet first spreads due to its kinetic energy to the maximum possible 47 
spread area. Then due to the surface tension it starts to recoil back. This spread-recoiling process 48 
is associated with the loss of energy. Depending on the impact characteristics, droplets can adhere 49 
to the surface, bounce from the surface or shatter11,12. The influencing parameters include physical 50 
and chemical properties of the liquid, droplet size, velocity and impact direction, surface 51 
morphology of the plant surface and micro climate conditions2,4,5,13,14.  52 
Mathematical models have been presented as alternatives to the tedious and expensive 53 
field/laboratory studies for studying droplet impact on plants5,12,15–21. Few of these models are 54 
empirical19, while most have been developed using physical principles5,12,15,20-21. Duga et al.16,17 55 
and Endalew et al.18 developed a 3D canopy deposition model in the framework of a Lagrangian 56 
droplet tracking model which used a stochastic model to decide droplet deposition. No distinction 57 
was made between types of impact. Dorr et al.5 presented a 3D model of droplet impact on cotton, 58 
wheat and chenopodium leaves that was capable of predicting the final fate of the impacted droplet, 59 
whether it was adhered, bounced or shattered. The model was based on scanned leaf images and 60 
applied a combined ballistic and random walk approach to model the movement of the droplets 61 
through the air. The model only predicted the final output of the impacting process without 62 
considering the impact dynamics, and assumed droplets impacting perpendicular to a horizontal 63 
leaf surface. Recently Massinon et al.22 studied the variability of spray retention sing a 3-D model 64 
of a superhydrophobic leaf surface coupled with small and slanted leaves in relation to spray 65 
quality, applied volume, plant size and orientation and liquid formulation. The 3D architecture of 66 
a barley plant, the spray quality and the droplet impact behavior were measured and used as an 67 
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input to the model. Similar to the model of Dorr only the final fate of the impacted droplet was 68 
calculated. 69 
Based on a review of literature, Glass et al.23  concluded that CFD models have the potential 70 
to provide accurate predictions of pesticide droplet flow on leaf surfaces by taking into account 71 
the influences of each of the key parameters (surface topography and chemistry, initial spray 72 
deposition conditions, evaporation and multiple droplet spreading interactions). Multiphase 73 
computational fluid dynamic (CFD) models based on the Volume Of Fluid (VOF) approach have 74 
been used to study the dynamic behavior of droplet surface interactions in different systems24–30, 75 
but not yet for droplet-plant interactions. VOF has the ability to dynamically capture the interface 76 
between the gas and the liquid phases and droplet surface impact characteristics by taking into 77 
account the properties of the liquid and the surrounding air, droplet impact characteristics and 78 
surface morphology.   79 
The aim of this study was to develop and validate a 3-D two-phase CFD model of the dynamic 80 
impact behavior of water droplets on plant surfaces to improve predictive models of deposition 81 
and drift of agricultural spray operations. The study relied on experimental measurements to 82 
generate model parameters and for validation of the simulations. The model was applied to 83 
investigate the dynamics of the droplet impact process on different leaf surfaces of important 84 
agricultural and horticultural crops that require spray applications for pest management. The model 85 
was also used to predict the outcome of the impact in terms of adhesion, bouncing or 86 
splashing/shattering using agricultural spray nozzles that typically generate a wide range of values 87 
of important droplet characteristics such as droplet velocity and diameter. The used agricultural 88 
spray nozzle in this work produced water droplets with diameters between 20.6 and 550.8 µm, and 89 
droplet velocity values at impact between 0.03 and 13.2 m s-1. 90 
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2. Materials and methods 94 
2.1. Experimental studies 95 
Different experiments were conducted to determine model parameters and for validation of the 96 
developed model. Validation experiments were conducted to capture the dynamics and the 97 
outcome of the impact process of the droplet on the plant surfaces. The experiments were 98 
conducted using distilled water. 99 
2.1.1. Leaves  100 
Experiments were conducted on leaves of apple (Malus domestica) and pear (Pyrus communis) 101 
trees, cabbage (Brassica oleracea) and leek (Alium ampeloprasum var porrum). The leaves of 102 
apple and pear were picked after harvest during the month of November from the orchards of KU 103 
Leuven in Rillaar, Belgium, and were considered old with respect to the seasonal growth stage of 104 
the tree. The study used only the green old leaves, which were stored in high humidity until the 105 
time of the experiment to avoid moisture loss. The cabbage and leek plants were collected from 106 
the Inagro research station in Rumbeke, Belgium. The plants were young and in good condition.  107 
2.1.2. Leaf surface imaging and static contact angle measurement  108 
Surface imaging of the leaves was conducted using Scanning electron microscopy (SEM) 109 
(Laboratory for Plant Systematics, K.U. Leuven, Belgium). Static contact angle of a water droplet 110 
on the plant surface was measured at the Department of Chemical Engineering of KU Leuven in 111 
Belgium using a KRÜSS Droplet Shape Analysis System DSA14 (KRÜSS GmbH, Hamburg, 112 
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Germany). Droplets of 2 to 6 μL were deposited carefully on the leaf surface using a small needle. 113 
When the equilibrium contact angle was reached, a picture of the droplet on the surface was taken 114 
using a camera. The wetting measurements have demonstrated that the contact angle hysteresis 115 
was fairly large for the studied surfaces, however in this study the static contact angle was solely 116 
considered. The shape of the droplet was calculated using droplet shape analysis software. Thereto, 117 
the drop contour line was identified and described using mathematical models that were available 118 
in the KRÜS droplet shape analysis program. The program compared the optically determined and 119 
the calculated contour line, the agreement between the two lines was taken as an important criteria 120 
for the accuracy of the contour analysis. The static contact angle was the angle formed between 121 
the outline tangent of the deposited droplet and the contact surface. A minimum of 10 repetitions 122 
were conducted. The results are given in Table 1, the old fruit tree leaves appeared more 123 
hydrophilic than those of the vegetables.  124 
2.1.3. Characterization of droplet impact on leaves 125 
The impact behaviour of the droplet on the plant surface was determined from images/videos 126 
that were captured using a high speed camera (Y4 CMOS, Integrated Design Tools, Florida, USA). 127 
The camera frame rate was set at 20000 frames/s. A leaf sample was placed in between the high 128 
speed camera and the light source (19LED, Integrated Design Tools, Florida, USA) (Fig.1). There 129 
was a distance of 0.50 m between the light source and target surface. 130 
The velocity and diameter of the impacting droplets were determined using image processing 131 
with the software Motion Studio (Integrated Design Tools, Florida, USA). Droplet diameters  (μm) 132 
were calculated from the product of the pixel number that was taken by counting the number of 133 
image pixels on a line from one side of the droplet through the centre of the droplet to the other, 134 
multiplied with the spatial resolution of the image (10.8 μm/pixel). The velocity of the droplets (m 135 
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s-1) was calculated based on the droplet movement between the nth and nth + 10 frames, the spatial 136 
resolution of the image and the frame rate of the camera. 137 
A single droplet was generated using a droplet generator (Université de Liège, Gembloux, 138 
Agro-Bio-Tech, Belgium) and used to validate the predicted result of the dynamic behaviour of 139 
the impact of the water droplet on the plant surfaces. The droplet generator was working using a 140 
piezoelectric element that can be driven with voltages up to 60 V31. The study captured the 141 
dynamics of the impact process of the water droplet with a diameter of 310 μm and impact velocity 142 
of 2.8 m s-1 on a cabbage leaf. 143 
To investigate the output of the impact process, experiments were conducted using a 144 
commercial spray nozzle. The target surface was fixed on a mounting stage under the moving 145 
spray nozzle at a position where it was possible to capture a sufficient number of droplets in the 146 
field of view. The nozzle was moving at a speed of 2 m s-1, perpendicular to direction of the camera 147 
and the light source; the speed representative of field spraying operations. A flat fan nozzle type 148 
11004VS (TeeJet Technologies , Illinois, USA) at a liquid pressure of 3 bar was used. The nozzle 149 
produced droplets with a wide  spectrum of droplet size (20.6 to 550.8 µm) and impacting velocity 150 
(0.03 and 13.2 m s-1).  A small strip of leaf,  about 0.5 cm wide and 5 cm in length, was cut and 151 
used as a target plant surface. Using bigger strips caused problems in terms of visualisation. In  this 152 
work, only droplets under perpendicular impact were considered.  153 
 154 
2.2. Impact dynamics and dimensionless numbers 155 
Dimensionless numbers were used to define the droplet maximum spread factor, the number 156 
of secondary droplets generated as a result of the splashing process and the transition between the 157 
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different impact outcomes. The main dimensionless numbers that govern the dynamic impact 158 
process are the Weber number (We) and the Reynolds number (Re) 2,32,33. We expresses the ratio 159 
of inertia to surface tension forces, Re gives the ratio of inertia to viscous forces. The Ohnesorge 160 
(Oh) number combines We and Re to provide a ratio of viscous to combined inertia and surface 161 
tension forces:  162 
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where ρ, σ, µ are the liquid density (kg m-3), air-liquid surface tension (N m-1) and liquid viscosity 163 
(Pa s) of the spray liquid, respectively. D (m) and V (m s-1) are liquid drop diameter and impact 164 
velocity, respectively.  In contrast to the Reynolds and Weber numbers, the Ohnesorge number 165 
does not depend on the hydrodynamics but solely on physicochemistry and geometry.   166 
Mao et al.34 presented an energy balance model of the droplet impact that is capable of 167 
calculating the maximum spread diameter (dm) from the droplet diameter (D), static contact angle 168 
(), We and Re: 169 
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The model was developed for spreading and bouncing droplets on a flat surface over a wide value 170 
range of impact velocity (0.5-6 m s-1), viscosity (0.001-0.1 Pa s), static contact angle (30-120°), 171 
droplet size (1500-3500 µm) and surface roughness. The contact angle of the droplets on rough 172 
surface was smaller than on smooth surface, however the rough and the smooth surfaces showed 173 
a similar general feature in terms of the maximum spread and bouncing behaviours. The study 174 
stated that the effect of surface roughness was introduced in the model using the contact angle of 175 
the rough surface not in the form of some other roughness parameters (like roughness height, 176 
roughness ratio, etc..).  For values of 
md
D
 less than 6, the agreement between the measured and 177 
predicted results was within a confidence level of 90%. Due to the flat disk assumption that was 178 
made in developing the model , there was a significant decrease in the accuracy of the model for 179 
lower impact velocities (less than 1 m s-1). The model prediction was also compared to literature 180 
data35–37 that were collected on a wide range of impact velocity (1.4-28 m s-1), viscosity (0.001-181 
0.296 Pa s), surface tension (0.025-0.073 N m-1), static contact angel (34-100°) and droplet sizes 182 
(40-3700 µm). Predicted results showed an agreement to the literature data with a similar 183 
confidence level as above, so the equations appears valid for a wide range of We  and Re. 184 
Mundo et al.38 conducted an extensive experimental study of droplet impact on a stainless steel 185 
surface for a smaller range of droplet diameter values (60-150 µm). They measured much higher 186 
values of impact velocity (12-18 m s-1), and considered variations of surface tension (0.022-0.072 187 
N m-1), viscosity (0.001-0.0029 Pa s) and surface roughness (mean roughness heights of 2.8 and 188 
78 µm). The study reported the surface profile data that showed the amplitude of surface roughness 189 
and the type of topographical features. The surface with the highest mean roughness height had a 190 
highly variable surface profile. Contact angles were not reported. The corresponding range of 191 
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impact Re and We values were 195-2694 and 94-2204, respectively. Compared to the smooth 192 
surface, rough surface produced a more irregular droplet deformation pattern. During splashing, 193 
rough surface produced secondary droplets which were smaller in mean diameter and narrower in 194 
droplet size distribution. The study developed an empirical relation that defined the boundary 195 
between deposition and splash regions using: 196 
1.25Oh Re K   (5) 
where K is constant and the critical value of K was reported to be 57.7. If the value of K is larger 197 
than 57.7, the droplet splashes, for lower values it deposits. It was later reported that the value of 198 
K increases with a decrease in surface roughness. Yoon et al.39 reported a critical value of 152 for 199 
K during the impact of a water droplet on a paraffin wax surface. Vander Wal et al.40 found critical 200 
values of 0.85 and 63, respectively for dry and wet aluminum surfaces. The study also reported a 201 
different exponent for Re of 0.609 and 1.17 for the dry and wet surface, respectively. 202 
 203 
2.3. VOF model 204 
The VOF method solves a single set of momentum equations while computing the volume 205 
fraction of each of the phases and resulting effective fluid properties throughout the computational 206 
domain. At the air-droplet interface, a continuum force model is applied to account for surface 207 
tension.     208 
2.3.1. Governing equations 209 
 The continuity and momentum equations are: 210 
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where t, v, p and g are time, velocity, pressure and gravitational acceleration, respectively. , µ, g 211 
and  F are the apparent density, viscosity, gravitational acceleration and surface tension force per 212 
unit volume, respectively. Based on the value of the volume fraction ( l ) of the liquid water phase, 213 
the fluid properties and the flow variables in any computational cell represent either one of the 214 
phases or a mixture of the phases.  215 
The apparent density and viscosity in each cell were calculated using: 216 
(1 )l l l a        
(7) 
(1 )l l l a        
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where l  and a  are the density of liquid and air, respectively; and l  and a  are the viscosity of 217 
liquid and air, respectively. The interface between the liquid and the air phase was tracked by 218 
solving the continuity equation for the volume fraction of the liquid phase: 219 
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The surface tension force per unit volume ( F ) was calculated using a continuum surface force 221 
model41. The model interprets surface tension as continuous, 3-D effect across an interface, rather 222 
than as a boundary value condition on the interface. For the two phase system: 223 
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The curvature (k) is given by: 224 
 k   n  (12) 
The unit normal n is given by: 225 
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 226 
2.3.2. Numerical procedure 227 
The simulations in this study were conducted using ANSYS Fluent 16.2 (ANSYS, Inc., 228 
Pennsylvania, USA). Three-dimensional rectangular computational domains were developed and 229 
discretized using an appropriate mesh size (Fig. 2). After conducting a mesh sensitivity study, the 230 
size of the mesh was decided to be smaller than the diameter of the droplet divided by 45. The size 231 
of the domain depends on the size of the droplet and its impact velocity. In order to capture all 232 
details of the impact, spreading and break-up process, droplets with higher diameter and impact 233 
speed required a larger domain size. The study analysed droplet sizes in the range of 50 to 800 µm 234 
and impact velocities of 0.1 to 10 m s-1. Minimum contact surface sizes of 1 mm by 1 mm and a 235 
maximum size of 16 mm by 16 mm were used. Depending on the size of the droplets, uniform 236 
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mesh element sizes in the range of 2.5-30 µm (2.5 µm for 50 µm droplet and 30 µm for 800 µm) 237 
were used. The solution domains consisted of up to 12.5 million hexahedral elements. 238 
The plant surface was taken as a flat no slip wall and the rest of the boundaries were defined 239 
as pressure outlets. To predict the contact behaviour of the droplet on the plant surface, the wall 240 
adhesion model of Brackbill et al.41 was applied.  In this model the contact angle of the droplet on 241 
the wall is used to determine the droplet surface normal in computational cells near the wall (242 
 sin cos  t wn n n , where nw and nt are the unit vectors normal and tangential to the wall, 243 
respectively.  The dynamic boundary condition results in the adjustment of the curvature of the 244 
surface near the wall. The model input parameters that include the measured static contact angles 245 
of the droplets on the leaf surfaces, the viscosity and surface tension of the liquid are given in 246 
Table 1. Initially, the droplets were placed a small prescribed distance of 0.1 mm above the contact 247 
surface with an initial (impact) velocity (Fig. 2). Initially the surrounding air was assumed to have 248 
zero velocity and 101.3 kPa pressure, and it was considered as compressible gas.   249 
A fractional step algorithm was used for pressure-velocity coupling. The continuity, 250 
momentum and volume fraction equations were solved using the PRESTO, QUICK and 251 
compressive method, respectively for spatial discretization. Time discretization used the first order 252 
implicit method. A time step size of 1×10-7 s was needed to capture the important features of the 253 
impact dynamics of the droplet on the plant surface. The selected mesh size and time steps fulfilled 254 
the criteria of the maximum Courant number ( 0.25
V t
x



) of the simulation that was set to be 255 
0.25. V is the impact velocity (m s-1), t  is the time step (s) and x is the grid size (m). The 256 
calculations were performed on a 64-bit, Intel® Core™ i7-4790 CPU, 3.60 GHz, 32 Gb RAM, 257 
Windows 7 Professional computer and the CPU time of calculation was up to 76 h. 258 
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 259 
3. Results and discussion 260 
3.1. Impact dynamics of the droplet with no splashing 261 
The impact process of water droplets during collision on hydrophilic (late season apple leaf 262 
with a static contact angle of 54.7°) and hydrophobic (young cabbage leaf with a static contact 263 
angle of 138.2°) plant surfaces are shown in Fig. 3a and 3b, respectively, for 300 µm droplet 264 
impacting at 2 m s-1. The droplet was impacting vertically on a horizontal surface (impact angle 265 
equal to 90°). This impact angle was considered throughout this study.  The corresponding Weber 266 
and Reynolds numbers were 16.4 and 600, respectively. As the liquid droplet makes contact with 267 
the plant surface, it starts to spread radially and forms a lamella and rim. For this impact We and 268 
Re condition, droplets either deposited on the leaf or bounced from the surface. On hydrophilic 269 
plant surfaces (static contact angle  90°), after recoiling and a series of oscillations the droplet 270 
reached its equilibrium position and deposited (Fig. 3a). This deposition showed that the droplet 271 
that impacted on an old apple leaf at We = 16.4 and Re = 600 did not have enough energy to 272 
overcome the adhesive force of the surface. On the hydrophobic plant surfaces (static contact angle 273 
˃ 90°), after recoiling the droplet bounced back from the surface (Fig. 3b). Such an impact on the 274 
hydrophobic young cabbage surface indicated that the droplet maintained enough kinetic energy 275 
to rebound after recoiling. For lower Weber numbers (We ˂ 0.3) the droplet did not have enough 276 
energy to bounce back from hydrophobic plant surfaces. 277 
The velocity distribution during the spreading and recoiling of the droplet after impact on the 278 
old apple leaf is given in Fig. 4a. After impact the liquid flow changes from vertical to radial during 279 
the spreading phase. As the spread progresses, there is a decrease in radial velocity. When it 280 
reaches the maximum possible spread diameter, it starts to recoil back and finally attains the 281 
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equilibrium state and adheres on the surface. The velocity distribution during the impact process 282 
of the droplet on the young cabbage leaf (Fig.4b) was different from that of the old apple leaf (Fig. 283 
4a). During the bouncing stage, there was a generation of a relatively high upward velocity. 284 
When the droplet impacted the surface, a certain amount of air was entrapped and generated a 285 
high pressure region around the centre of the impact (Fig. 5). The pressure of entrapped air caused 286 
a deformation on the air-liquid interface and formed a dimple on the droplet surface. It was 287 
reported that the change of droplet velocity from vertical to radial flow during the spreading phase 288 
was driven by the strong pressure gradient that was generated during the impact process42,43. As 289 
the spread progressed, there was a decrease in radial velocity and pressure (Fig. 4 and Fig. 5). For 290 
the 300 µm droplet impacting at 2 m s-1, the entrapped air was shrinking with time and finally part 291 
of it was drained through the top surface of the spreading droplet. Thoroddsen et al.44 presented an 292 
experimental study of the contraction behaviour of the air disk that was caught under a drop 293 
impacting onto a solid surface for a wide range of impact We (20-1500) and Re (5-30000) numbers. 294 
The size of the initial air disk was affected by the curvature of  the droplet at the initial contact and 295 
the contraction speed of the air disk was independent of the wettability of the liquid.   296 
For this impact velocity and droplet diameter, there was a similar pressure decay profile 297 
between old apple leaf and young cabbage leaf; there was no significant difference (at 95 % 298 
confidence interval) in peak pressure value. It is known that this phase of the impact process is 299 
dominated by the inertial forces that is determined by the impact velocity and droplet 300 
diameter42,43,45. van der Veen et al.46 experimentally studied the behaviour of the entrapped air 301 
between the impacting droplet and hydrophobic micropatterned surfaces. The presence of the 302 
protruding pillars increased the pressure and central dimple height, however the height of the 303 
dimple was not affected by the pillar height. This shows that an explicit model of the surface 304 
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structure of the rough leaves could produce a significantly different pressure profiles between the 305 
two types of leaves. But such an explicit model will increase the complexity of the model and 306 
computational time.         307 
Fig. 6 presents dimensionless characteristics of the droplet flow for the two cases, with D the 308 
initial droplet diameter, d the droplet spread diameter at time t, h the droplet height at the centre of 309 
the droplet at time t,  the dimensionless time (
tV
D
  ) with V the (initial) impact velocity of the 310 
droplet. The maximum spread area of the droplet after impact was higher for the hydrophilic than 311 
the hydrophobic plant surface (compare Fig. 6a to Fig. 6b). For the 300 µm water droplet impacting 312 
at 2 m s-1, the maximum spread diameter on the old apple leaf surface was 1.46 times higher than 313 
that of the young cabbage surface (Table 2). It took longer time for the droplet to reach the 314 
maximum spread area on hydrophilic surface than the hydrophobic surface. Up to the time it 315 
reached the maximum spreading rate, the spread rate (
d
D
) follows a power law relationship with 316 
the dimensionless time, with an exponent of 0.56 and 0.51 for old apple and young cabbage leaves, 317 
respectively (r2 ˃ 0.98).  318 
During the early stage of the impact process there was a linear decrease of the droplet height, 319 
and gradually it attained the minimum height (film thickness) of the droplet (Figs 6c and 6d). This 320 
linear decrease in droplet height is due to the freefall of the top of the droplet33. During the recoiling 321 
period the height of the droplet started to increase from its minimum value and on the hydrophilic 322 
surface it showed considerable oscillations and finally reached to its equilibrium height (Fig. 6c). 323 
In the case of the hydrophobic surface, during the recoiling period the height of the droplet 324 
continuously increased till the droplets bounced back from the surface (Fig. 6d). The height of the 325 
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droplet during bouncing from the hydrophobic young cabbage surface was 5.1 times higher than 326 
the height of the droplet that was deposited on the hydrophilic old apple leaf surface. 327 
There was a good agreement between the maximum spread diameters that were calculated 328 
using Eqn. (4) and predicted using the CFD model of this study (Table 2). For a 300 µm water 329 
droplet impacting at 2 m s-1, the deviation of the CFD model prediction result relative to the result 330 
that was calculated using Eqn. (4) was 11.1, 8.5, 10.6 and 12.3 % for the old apple, old pear and 331 
young cabbage and young leek leaf, respectively.  The average deviation for wide ranges of impact 332 
velocity (0.1-5 m s-1) and diameter (50-800 µm) on an old apple and young cabbage surface that 333 
resulted in either deposition or rebound of the impacted droplets was 13.8 and 11.6 %, respectively. 334 
Note that for lower impact Weber number ( 2.7), Eqn. (4) does no give real solution for dm. Using 335 
Eqn. (4), it is thus possible to predict the maximum spread diameter for depositing and rebounding 336 
droplet but it was impossible to know the dynamic behaviour and result of the impact process that 337 
is rendered by the CFD simulations.  338 
Table 2 shows that the maximum spread diameter of the droplet during impact was affected by 339 
the wettability of the plant surface. Comparison was made between the results from two 340 
hydrophilic (old apple leaf and pear) and two hydrophobic (young cabbage and leek) plant 341 
surfaces. Within the hydrophilic plant surfaces, the relatively higher static contact angle decreased 342 
the maximum spread diameter of the droplet and increased the equilibrium adhesion height of the 343 
droplets (compare the maximum spread diameter on the apple and pear leaves). In the case of 344 
droplets bouncing from hydrophobic surfaces, decreasing the static contact angle increased the 345 
maximum spread diameter (compare the maximum spreading diameter on the young cabbage and 346 
leek leaves).  347 
3.2. Impact dynamics of the droplet with shattering 348 
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The predicted dynamic behaviour of a 300 µm water droplet during impact at a relatively high 349 
velocity (10 m s-1) on a horizontal young cabbage leaf is presented in Fig. 7. The corresponding 350 
Weber and Reynolds numbers were 411 and 3000, respectively. Upon impact the droplet flattened 351 
quickly, expanding radially in the form of a sheet, and forming a lamella and rim. Similar to the 352 
no splashing case, upon impact the entrapped air generated a dimple and high pressure region (Fig. 353 
8). In this case, the peak pressure was 2.9 times higher than the no splashing case. During this 354 
relatively high impact velocity, the entrapped air was contracted and the pressure decayed faster 355 
than in the no splashing case. This was in agreement to the report of  Thoroddsen et al.44. Mandre 356 
et al.47 reported that for a relatively high impact velocity the air dimple is responsible for the 357 
splashing of the droplet and the dimple height is affected by pressure of the surrounding gas and 358 
the impact velocity. It has been reported that even at very high impact velocity, the combined 359 
action of the gas layer and liquid surface tension stops the droplet from contacting the solid surface, 360 
rather the droplet spreads on a very thin film of air and emits capillary waves47,48. In this study due 361 
the relatively coarser mesh size (relative to the thickness of the air film), it was not possible to 362 
distinguish the expected very thin air film. According to Xu et al.49, it is possible to control the 363 
splashing process by controlling the pressure of the surrounding gas. For a given impact velocity, 364 
decreasing the pressure of the surrounding gas supressed the splashing of the droplet and below a 365 
certain threshold pressure value the splashing was completely suppressed. 366 
The lamella near the edge of the expanding sheet lifted up off the plant surface and formed a 367 
crown type section. During the spreading process the sheet further thinned while the rim thickened. 368 
Villermaux and Bossa50 reported that the rim is gradually fed by incoming fluid from the sheet and 369 
is continuously stretched up to the equilibrium diameter.  As the sheet expanded, perturbations 370 
were formed on the border, then the rim was destabilized and radial ligaments (fingers) were 371 
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formed. The ligaments were detached and formed small droplets. Compared to the droplet that 372 
adhered on the surface without shatter, the shattered small droplets covered a relatively larger area 373 
of the plant surface. Even for the hydrophobic plant surfaces most of these small droplets did not 374 
have the energy for bouncing rather adhered on the surface12. This shattering of droplet could be 375 
beneficial for instance in crop spraying applications by increasing the coverage area and uniformity 376 
of crop protection chemical deposition. 377 
3.3. Comparison of predicted and experimentally observed droplet impact  378 
The predicted and measured shape changes of a water droplet with a diameter of 310 µm and 379 
impact velocity of 2.8 m s-1 on a young cabbage leaf is presented in Figure 9. The conditions 380 
corresponded to a Weber and Reynolds number of 33.3 and 868, respectively. There was a visually 381 
good agreement between the changes in shape of the droplet during the spreading, recoiling and 382 
bouncing stages (compare Fig. 9a to 9b). In both cases, the maximum spreading diameter and 383 
bouncing occurred at about 0.15 ms and 0.55 ms, respectively. There was also a good agreement 384 
between the measured and predicted dimensionless droplet spread diameter and droplet height 385 
(Fig. 9c and 9d). For a given time after impact, the predicted height of the droplets during the 386 
recoiling and bouncing period was slightly higher than the measured one. It was reported that the 387 
use of dynamic contact angle instead of the static angle can improve the accuracy of the model 388 
during the receding phase51. The dynamic contact angle takes into account the hysteresis effect 389 
(which is neglected when static contact angle is assumed) that is often observed during the dynamic 390 
droplet impact process. The assumption of static contact angle did not have any influence on the 391 
prediction during the spreading phase of the impacted droplet when the process is dominated by 392 
inertia, but mainly during the receding phase when the process is dominated by surface tension 393 
and viscous forces. 394 
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The predicted and measured impact outcome after impact as a function of We and Re of the 395 
impacting droplet on cabbage and apple leaf surfaces are presented in Fig. 10. The model showed 396 
a clear transition from one impact behaviour to another, whereas there was some overlap in the 397 
measured results. This could be due to measurement errors on the exact droplet diameter, the 398 
inhomogeneous surface characteristics of the real leaf  and impact velocity which was measured 399 
on 2D frames of an essentially 3D spray process. The measured and predicted critical Weber 400 
numbers for the transition from adhesion to bounce and from rebound to shatter for old apple, pear, 401 
leek and cabbage leaf leaves are given in Table 3. The model slightly over predicted the critical 402 
Weber number for the transition from adhesion to bounce/shatter, but slightly under predicted the 403 
critical Weber number for the transition from bounce to shatter. The critical Weber number for 404 
transition from adhesion/bounce to shatter was higher in hydrophilic (old apple and pear leaves) 405 
than hydrophobic (cabbage and leek leaves) plant surfaces, which was correctly predicted by the 406 
CFD model. From their study of droplet impact on surfaces of various wettability, Aboud and 407 
Kietzig52 observed a similar lower splashing threshold value for hydrophobic surfaces compared 408 
to hydrophilic surfaces.  409 
3.4. Defining the impact characteristics using dimensionless numbers 410 
The droplet impact characteristics on the plant surfaces were defined using We, Re and Oh 411 
numbers. In this study simulations were conducted for different droplet diameters and impact 412 
velocities that produced We in the range of 0.007 to 1096 and Re in the range of 5 to 8000.  413 
3.4.1. Maximum droplet spread factor 414 
Fig. 11 shows the predicted (using CFD and Eqn. (4)) maximum spread factor ( m
d
D
) of the 415 
droplet as a function of We for adhered and rebounded droplets. The maximum spread factor of 416 
21 
 
the droplet on old apple leaf was higher than that of young cabbage leaf. The trend followed a 417 
power law relationship (r2 = 0.92 for apple leaf and  r2 = 0.91 for young cabbage leaf) with 418 
exponents of 0.12 and 0.15 for the hydrophilic old apple and hydrophobic young cabbage leaves, 419 
respectively. From their study of water and mercury droplets impact on a super hydrophobic 420 
surface (static contact angle of 170°), Clanet et al.53 found a similar power law relationship with 421 
an exponent of 0.25 between the droplet maximum spread factor and We. The result showed that 422 
the exponent of this power law relationship was affected by the properties of the impact surface.  423 
For this range of We values (droplet impact velocity of 1-7 m s-1 and diameter of 50-800 µm)  424 
CFD predicted maximum spread factors were compared to the results that were obtained from Eqn. 425 
(4)34 and on average there was a difference of 9.3 % and 10.1 % for the impact on old apple and 426 
young cabbage leaf surfaces, respectively. This relatively small difference showed that in addition 427 
to predicting the dynamic droplet impact behaviour the CFD model was also capable of predicting 428 
the maximum spread factor of water droplets on plant surfaces.  429 
3.4.2. Number of secondary droplets 430 
There was a linear correlation (r2 = 0.93 for old apple leaf and  r2 = 0.99 for young cabbage 431 
leaf) between the number of secondary droplets (Nsd) after splashing and We∙Re  (Fig. 12). For  432 
given impact Re and We values, the number of secondary droplets generated during splashing on 433 
the hydrophilic apple leaf was lower than that of the hydrophobic cabbage leaf surface. From the 434 
droplet splashing study, Bussmann et al.54 observed a decrease in the tendency of fingering with 435 
an increase in surface wettability (a decrease in contact angle). There was a power law relationship 436 
between the number of secondary droplets generated and  We∙Re with an exponent of 0.34 and 437 
0.55 for the old apple and young cabbage leaves, respectively. According to Marmanis and 438 
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Thoroddsen55 the number of fingers generated during the breakup process scaled with 
3 3
16 8We Re . 439 
They stated that the number of fingers is weakly dependent on the surface tension and depends 440 
primarily on the inertial‐viscous interaction. The result of this CFD study was fitted to this equation 441 
by assuming this scaling relationship of droplet fingers may work for the secondary droplets. 442 
However, compared to the proposed relationship it showed a relatively weaker correlation.    443 
3.4.3. Transition between different impact outcomes   444 
The predicted boundary lines between the different droplet impact outcomes on hydrophilic 445 
apple (adhesion and shatter) and hydrophobic cabbage (adhesion and bounce, bounce and shatter) 446 
leaves are given in Fig. 13. The boundary lines were expressed as a function of Oh and Re number 447 
in the form of Eqn (5). For the transition from adhesion to shatter for old apple leaf, the boundary 448 
line was defined by 1.25 42.95OhRe  . This means that a droplet that impacts with 1.25OhRe    42.95 449 
adheres to the surface while a droplet that impacts with 1.25ReOh  ˃ 42.95 splashes. In the case of 450 
cabbage leaf, the boundaries between adhesion and bounce and bounce and shatter were expressed 451 
as 1.25 2.63OhRe   and 1.25 35.35OhRe  , respectively. Due to the relatively high contact angle, 452 
young cabbage leaf showed a relatively lower critical value of K during the transition from bounce 453 
to shatter. The critical value of K is dependent on surface properties of the plant surface and the 454 
values should be defined using independent studies. Mercer et al.12 reported a similar conclusion 455 
about the dependence of the critical value of K on surface roughness and contact angle. The result 456 
shows there is a need to develop a better model equation that incorporates the effect of surface 457 
roughness and contact angle. 458 
3.5. Relation between droplet impact characteristics and surface morphology of the leaves 459 
23 
 
The images of the SEM showed there is large difference between surface morphology of the 460 
leaves of cabbage, leek, apple and pear (Fig. 14). The surface structure of the hydrophobic cabbage 461 
leaf consisted of a number of protrusions/bumps which is affecting the surface wettability by 462 
entrapping air between the droplet and the leaf surface. The presence of the grooves in the leek 463 
leaves could create a difference in the spreading behaviour and contact angle of the droplet in the 464 
parallel and perpendicular direction. The height of the protrusions on the surfaces of the 465 
hydrophilic old apple and pear leaves was smaller than that of cabbage leave. Even within the same 466 
leaf, inhomogeneity in surface structure was observed (it was more pronounced in the case of leek 467 
leaf). This variation in surface structure could cause a variation in adherence/bounce behaviour on 468 
the leaf surface. The size of the grooves on the leek leaf was around 20 µm that was less the 469 
minimum diameter (50 µm) of the droplet that was considered in this study. Similarly the size of 470 
the micro/nano protrusions on the other surfaces was lower than 50 µm.  471 
This study showed that VOF model using measured static contact angle as an input parameter 472 
gives a reasonably accurate result. It is known that surface roughness is highly related to contact 473 
angle and its hysteresis56,57. For rough surfaces Wenzel57 presented an equation that relates the 474 
contact angle to surface roughness. This model did not use the detail topology of the surfaces but 475 
the measured static contact angles are proved to be good approximation of the surface structure. It 476 
was not possible to see the flow behaviour between protrusions/grooves but the model was capable 477 
of capturing the main flow behaviour.  478 
The observed complexity in the structure of the leaves shows that an explicit geometrical model 479 
of the leaf structure could improve the accuracy of this model that mainly depended on the 480 
measured static contact angel. The detail explicit geometric model of the surface can be developed 481 
from high resolution images of the leaves. There are some studies that used simpler geometric 482 
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feature of the surfaces for developing such VOF model58,59. However, such an explicit geometric 483 
model needs more computational resource and time. Introducing the dynamic contact angle instead 484 
of the static contact angle could further increase the model prediction accuracy. The method of 485 
calculated the dynamic contact angle from the measured static contact angle and contact line 486 
velocity can be found in Šikalo et al.51.       487 
3.6. Relevance of the study for improving the performance of spraying systems 488 
The study gives better understanding about the dynamics and possible outcomes of spray 489 
droplet impact on plant surfaces. It is observed that the impact behaviour of droplets on a plant 490 
surface is a complex process which is controlled by many parameters. It is impossible to get such 491 
a detailed information about the impact dynamics of individual droplet in full scale spray 492 
applications where a large number of droplets are impacting on a plant surface within a short time. 493 
Understanding the physics at droplet scale could help in maximizing the retention of spray droplets 494 
on plant surfaces, and improve the performance of spraying systems 3,12. Better knowledge of the 495 
impact dynamics of the droplets on plant surfaces is the basis for the development of precision 496 
spraying systems.  497 
Several previous studies reported the effect of the different parameters on the impact behaviour 498 
of the droplet on solid surfaces. Courbin et al.60 stated that the dynamics of the wetting process 499 
depends on droplet contact angle, droplet shape and surface roughness. Xu et al.61 conducted an 500 
experimental study of droplet splashing in relation to surface roughness, surface texture pattern, 501 
surrounding air pressure and liquid viscosity. Relatively lower surrounding pressure suppressed 502 
the splashing tendency of the impacting droplet. Increasing the viscosity of the liquid delayed the 503 
splashing process. At  lower viscosity range (up to a kinematic viscosity of 0.0035 m2 s-1)  504 
increasing the viscosity favours the splashing, whereas at higher viscosity increasing the viscosity 505 
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retarded the splashing process. On the textured surfaces, the pillar height was the dominant 506 
parameter that affected the splashing behaviour. The study showed that for lower pillar height 507 
range ( 18 µm) there was a positive correlation between the roughness height and splashing. 508 
However for higher height range, there was a negative correlation between the roughness height 509 
and the splashing tendency.  Tsai et al.62 reported that for surfaces with micropatterns the splashing 510 
behaviour of droplet was highly dependent on  the arrangement of the pillars. It was also possible 511 
to control the direction of the splash using the arrangement of the pillars. The experimental result 512 
of Courbin et al.63 showed that it is possible to completely inhibit the splashing by controlling the 513 
surface roughness.   514 
The spreading and splashing behaviour of droplets with respect to surface inclination and 515 
motion was studied by Bird et al.64 and Courbin et al.63. The tangential part of the impact velocity 516 
created asymmetric splashing and either triggered or inhibited splashing on the portion of the 517 
droplet. Courbin et al.63 and Pepper et al.65 studied the effect of surface deflection upon droplet 518 
impact on the splashing behaviour. Reducing the tension in the surface suppressed the splashing 519 
behaviour of the droplet. Kwon et al66 experimentally studied the wettability and impact dynamics 520 
of droplets on rice leaves, contact distance of bouncing droplets increased with an increase in 521 
tangential Weber number. There was anisotropy in wettability between the longitudinal and 522 
transversal directions of  the leaves. There was a difference in contact distance, contact angle 523 
hysteresis, run-off angle and maximum spreading factor of the droplet between the longitudinal 524 
and transverse direction of the leaves. Dong et al.4 reported the effect of surfactant on the dynamics 525 
of droplet leaf surface interaction.   526 
All the above studies showed the complexity of the impact process and the importance of the 527 
respective parameters in correctly determining the final fate of the droplet on the plant surface. 528 
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The presented model can be used to  study the effect of different relevant spraying parameters, 529 
such as: droplet size and impact velocity, liquid formulation, impact direction, surface orientation, 530 
surface wettability, surface structure and surrounding air properties. To take into account the effect 531 
of surface deflection, this model should be coupled to fluid-structure interaction model. Such a 532 
comprehensive study will give a better understanding about the interaction between spray droplets 533 
and plant surfaces and the respective results will be applied to improve the accuracy of the existing 534 
stochastic droplet retention and drift models 16–18.      535 
 536 
4. Conclusion 537 
The paper presented a 3-D multiphase CFD model of spray droplet impact on leaf surfaces 538 
using a Volume of Fluid (VOF) approach that was validated using high speed camera experiments. 539 
The model was capable of predicting successfully the dynamic impact behaviour for both 540 
hydrophilic and hydrophobic plant surfaces, and captured the spreading, recoiling, bouncing and 541 
shattering stages of the droplet impact process of spray droplets from an agricultural spray nozzle 542 
under laboratory conditions. The accuracy of the model prediction can be improved by applying 543 
the apparent dynamic contact angle instead of the static angle.   544 
The boundary lines of the transition from one impact outcome to another (adhere to bounce, 545 
adhere to splash, adhere to bounce and bounce to splash) were expressed as a function of Re and 546 
Oh. The correlations were different for different plant surfaces. There is a need to formulate a more 547 
general model equation that takes into account the surface roughness and contact angle.    548 
The results demonstrated the capability of  VOF based 3-D CFD model in predicting the 549 
dynamics and outcomes of vertical water droplet impact on horizontal plant surfaces. The model 550 
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will be used to study the real condition during the impact of the droplet on plant surfaces. In reality, 551 
the droplets are impacting at an angle, the plant surfaces have some roughness, orientation and 552 
elasticity and the surrounding air is moving at a certain direction and magnitude. The results of 553 
such a comprehensive model will be applied to improve the accuracy of the commonly assumed 554 
stochastic droplet collection and drift models.     555 
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51 S. Šikalo, H.-D. Wilhelm, I. V. Roisman, S. Jakirlić and C. Tropea, Phys. Fluids, 2005, 637 
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Table 1. Physical properties of water (T = 293 K) and contact angles for different leaf types 659 
 660 
Liquid Density 
(kg m-3) 
Viscosity 
(Pa s) 
Surface 
tension 
(N m-1) 
Contact angle per leaf type 
(°) 
    Apple Pear Leek Cabbage 
Distilled 
water 
1000 0.001 0.073 54.9±6.6 68.1±11.2 113.7±27.4 138.2±13.1 
 661 
 662 
663 
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Table 2: Calculated maximum spread factor ( m
d
D
) of 300 µm water droplet during impact at 2 m 664 
s-1 on different leaf surfaces 665 
 666 
  667 
Leaf surface 
Maximum spread factor ( m
d
D
) 
CFD 
prediction 
Eqn. (4) 
Apple 2.73 2.46 
Pear 2.54 2.30 
Cabbage 1.87 1.72 
Leek 2.07 1.84 
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 668 
Table 3. Predicted and measured critical Weber number for transition from adherence to bounce, 669 
adherence to splash/shatter and rebound to splash/shatter  670 
Impact transition behaviour  Plant surface 
Apple Pear Leek Cabbage 
    
Adherence to bounce Measured - - 1.01 0.07 
Predicted - - 2.55 0.25 
Adherence to splash/shatter Measured 159.2 166.7 - - 
Predicted 128.5 136.8 - - 
Bounce to splash/shatter Measured - - 108.1 116.0 
Predicted - - 92.5 99.2 
 671 
 672 
 673 
 674 
 675 
 676 
 677 
 678 
 679 
 680 
 681 
 682 
 683 
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 695 
Fig. 1. Experimental set-up for determining droplet impact characteristics 696 
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 698 
 699 
 700 
Fig. 2. Typical discretized computational domain showing the initial position of a 300 µm 701 
droplet (left), impact velocity vector (right) and the boundary conditions; blue represents a liquid 702 
volume fraction of 1; red represents an initial impact velocity of 2 m s-1.    703 
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 705 
Fig. 3. Predicted dynamic behavior of a 300 µm diameter water droplet during impact on a 706 
horizontally placed leaf of (a) old apple and (b) young cabbage with a vertical impact velocity of 707 
2 m s-1; blue represents liquid volume fraction of 1 and the time after impact is given in 708 
milliseconds  709 
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 710 
Fig. 4. Predicted dynamic behavior and VOF velocity distribution during droplet impact on a 711 
horizontally placed leaf of (a) old apple and (b) young cabbage with a vertical impact velocity of 712 
2 m s-1; the black color represents the contour of the droplet; the time after impact is given in 713 
milliseconds   714 
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 715 
Fig. 5. Predicted dynamic behavior of (a) air entrapment: blue represents liquid volume fraction of 716 
1, (b) pressure distribution: blue and red represent pressure of 101.3 kPa and  112.4 kPa, 717 
respectively, (c) maximum pressure;  after the impact of  300 µm water droplet on horizontal leaf 718 
surface at a vertical velocity of 2 m s-1, 0 µs is the calculated collision time of the injected droplet 719 
to the surface (from the initial injection velocity and position)   720 
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 722 
 723 
 724 
 725 
 726 
Fig. 6. Predicted time evolution of droplet spread diameter (d) and height (h) after impact for a 727 
300 µm water droplet at a vertical impact velocity of 2 m s-1 on a horizontally placed old apple (a, 728 
c) and young cabbage leaf (b, d): (a) and (b) present the dimensionless droplet spread diameter; 729 
(c) and (d) the dimensionless droplet height (h/D) as a function of dimensionless time (). h 730 
represents the distance between the top of the drop and the solid surface 731 
  732 
d 
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 733 
Fig. 7. Predicted dynamic behavior of a 300 µm water droplet after impact on a horizontally 734 
placed young cabbage leaf at a vertical velocity of 10 m s-1; blue represents a liquid volume 735 
fraction of 1 and the time after impact is given in milliseconds  736 
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 737 
Fig. 8. Predicted dynamic behavior of (a) air entrapment: blue represents liquid volume fraction 738 
of 1, (b) pressure distribution: blue and red represent pressure of 101.3 kPa and  331.1 kPa, 739 
respectively, (c) maximum pressure;  after the impact of  300 µm water droplet on horizontal 740 
young cabbage leaf surface at a vertical velocity of 10 m s-1, 0 µs is the calculated collision time 741 
of the injected droplet to the surface (from the initial injection velocity and position)   742 
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 743 
Fig. 9. Comparison between measured and predicted dynamic behavior of a 310 µm water droplet 744 
after impact on horizontal young cabbage leaf at a vertical velocity of 2.8 m s-1; (a) measured 745 
shape, (b) predicted shape, (c) predicted and measured dimensionless droplet spread diameter, (d) 746 
predicted and measured dimensionless droplet height; blue represents a liquid volume fraction of 747 
1 and the time after impact is given in milliseconds 748 
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 749 
 750 
Fig. 10. Measured and predicted outcome of dynamics of water droplets with different diameter 751 
and impact velocity after impact on horizontally placed leaf surfaces; old apple leaf: measured (a) 752 
and predicted (b), young cabbage leaf: measured (c) and predicted (d). 753 
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 755 
 756 
Fig. 11. Predicted maximum spread factor (dm/D) as a function of Weber number (We) for water 757 
droplets, using CFD or resulting from Eqn. (4) on young cabbage and old apple leaves 758 
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 762 
 763 
Fig. 12. Predicted number of secondary droplets (Nsd) formed during splashing/shattering of the 764 
droplet on young cabbage and old apple leaves as a function of We∙Re. 765 
 766 
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 768 
Fig. 13. Predicted boundary line ( 1.25OhRe K ) between the different droplet impact outputs 769 
(adhere, bounce and splash/shatter) on old apple (a) and young cabbage (b) leaves as a function 770 
of Reynolds (Re) and Ohnesorge (Oh) numbers 771 
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 773 
Fig. 14. SEM images of different leaf surfaces: (a) cabbage (Brassica oleracea); (b) leek (Alium 774 
ampeloprasum var porrum); (c) apple (Malus domestica); (d) pear (Pyrus communis) 775 
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